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differenziamento	che	portano	allo	sviluppo	di	organi	e	 tessuti,	 sia	per	 lo	sviluppo	di	nuovi	
approcci	 terapeutici.	 Per	 poter	 sfruttare	 a	 pieno	 le	 potenzialità	 nel	 campo	 della	 ricerca	
scientifica	e	medica	delle	cellule	staminali	indotte,	è	tuttavia	necessario	sviluppare	tecnologie	
innovative	 che	 permettano	 di	 ricreare	 in	 vitro	 le	 caratteristiche	 riscontrate	 in	 vivo.	 In	
particolare	nell’ultimo	decennio	è	stato	scoperto	che	 il	microambiente	meccanico	esercita	
una	notevole	influenza	sui	processi	cellulari,	regolando	la	morfologia,	l’espressione	genica	e	





del	 sistema	 cardiovascolare	 e	 come	 stress	 meccanici	 anomali	 possano	 essere	 correlati	
all’insorgenza	di	patologie	cardiovascolari.	 Il	 sistema	cardiovascolare	riveste	un	particolare	
interesse	 nel	 mondo	 scientifico	 e	 clinico	 in	 quanto	 le	 malattie	 cardiovascolari	 sono	 la	
principale	causa	di	morte	al	mondo,	e	anche	i	costi	associati	alla	prevenzione	e	al	trattamento	
di	tali	patologie	sono	particolarmente	rilevanti.	Per	giunta,	la	cardio-tossicità	è	la	principale	
causa	 di	 rigetto	 dei	 nuovi	 farmaci,	 rendendo	 lo	 studio	 del	 sistema	 cardiocircolatorio	
estremamente	rilevante	anche	nella	fase	di	sviluppo	farmaceutico.	
Lo	 scopo	 di	 questo	 lavoro	 è	 sviluppare	 nuove	 tecnologie	 atte	 a	 riprodurre	 in	 vitro	 il	
microambiente	 meccanico	 presente	 in	 vivo,	 con	 particolare	 riferimento	 al	 sistema	
cardiovascolare,	per	consentire	lo	studio	della	risposta	cellulare	agli	stimoli	meccanici.	Nello	
specifico,	 le	 tecnologie	 sviluppate	potranno	essere	usate	per	 riprodurre	 gli	 stimoli	 a	 cui	 il	
sistema	 cardiovascolare	 è	 sottoposto	 durante	 sforzi	 intensi,	 come	 ad	 esempio	 la	 guida	
		
iv	
agonistica	 di	 motocicli.	 In	 particolare	 è	 stato	 posta	 l’attenzione	 alla	 riproduzione	 della	




L’allineamento	viene	ottenuto	 creando	 linee	di	 esclusione	 cellulare	 costituite	da	un	gel	di	
poliacrilamide,	 alternate	 a	 linee	 in	 cui	 l’adesione	 cellulare	 viene	 favorita	 mediante	
trattamento	con	proteine	della	matrice	extracellulare.	Lo	sviluppo	di	un	metodo	robusto	e	
preciso	 per	 la	 realizzazione	 di	 colture	 di	 cardiomiociti	 allineati	 permetterà	 lo	 studio	
dell’effetto	 della	 topologia	 e	 polarizzazione	 sull’espressione	 genica	 delle	 cellule,	 e	 inoltre	
permetterà	di	analizzare	la	morfologia	delle	giunzioni	cardiache	e	la	trasmissione	degli	impulsi	
elettrici	 tra	 cellule	 adiacenti.	 Successivamente	 le	 tecniche	 di	 allineamento	 sono	 state	







Il	 secondo	 sistema	 di	 stretch	 è	 stato	 sviluppato	 principalmente	 per	 effettuare	 analisi	 di	
imaging,	come	immuofluorescenze,	e	di	patch	clamp.	La	camera	di	coltura	è	pari	a	1cm2	e	la	
stimolazione	meccanica	avviene	gonfiando	una	membrana	 in	apposite	aree	rettangolari	di	
deformazione,	 che	 costituiscono	 circa	 il	 40%	 della	 totale	 area	 di	 coltura.	 	 In	 questo	 caso	
l’allineamento	cellulare	viene	 imposto	 tramite	 la	 realizzazione	di	 righe	cellule-repellenti	 in	
poliacrilamide,	sfruttando	lo	stesso	principio	adottato	nel	caso	del	vetro.	








To	 fully	 take	 advantage	 of	 pluripotent	 stem	 cells	 potentiality	 for	 scientific	 and	 clinical	
research,	it’s	necessary	to	develop	also	new	technologies	that	will	enable	the	reproduction	in	
vitro	of	the	in	vivo	environment.	






cues	 strongly	 affect	 the	 development	 and	maturation	 of	 cardiovascular	 tissues,	 and	 that	
abnormal	mechanotransduction	can	be	linked	to	the	onset	of	several	cardiovascular	diseases.	
There	is	a	great	interest	in	the	scientific	and	clinical	research	communities	on	the	study	of	the	
cardiovascular	 system	 since	 cardiovascular	 diseases	 are	 the	 principal	 cause	 of	 death	
worldwide	and	also	the	associated	health	care	costs	to	prevent	and	treat	these	pathologies	
are	quite	elevated.	Moreover,	cardiovascular	toxicity	is	the	primary	cause	of	drug	withdrawal,	
so	 the	 development	 of	 novel,	 more	 accurate	 models	 of	 the	 cardiovascular	 system	 are	
extremely	important	also	for	pharmaceutical	research	and	development.	
The	aim	of	this	work	is	to	develop	innovative	technologies	to	reproduce	in	vitro	the	in	vivo	





Specifically,	 in	 this	 thesis	 the	 focus	was	 on	 reproducing	 the	 characteristic	morphology	 of	
cardiovascular	tissues’	cells	and	on	mimicking	mechanical	strains	typical	of	the	cardiovascular	
system.	Firstly,	the	polarization	typical	of	cardiac	muscle	cells	has	been	reproduced	on	glass,	
outilining	 and	 optimizing	 strategies	 to	 obtain	 aligned	 cardiomyocytes.	 The	 alignment	 is	
imposed	creating	a	linear	pattern	of	cell	repulsive	stripes,	made	of	polyacrylamide	hydrogels,	
alternated	 with	 protein-coated	 cell	 adhesive	 stripes.	 The	 establishment	 of	 a	 robust	 and	
precise	glass	patterning	technique	during	this	work	will	allow	to	study	in	depth	the	effect	of	
topology	 and	 polarization	 on	 cellular	 gene	 expression	 and	 also	 will	 enable	 the	 study	 of	






elevated	 quantity	 of	 starting	material,	 such	 as	 protein,	 DNA	 or	 RNA	 extractions.	 For	 this	




The	 second	 stretching	 device	 realized	 during	 this	 work	 was	 designed	mainly	 for	 imaging	
analysis,	 such	 as	 immunofluorescence,	 and	 patch	 clamp.	 The	 culturing	 area	 is	 1cm2,	 and	
mechanical	 deformation	 is	 generated	 inflating	 a	 PDMS	membrane	 in	 specifically	 designed	
rectangular	 areas	 that	 constitute	 about	 40%	 of	 the	 total	 culturing	 area.	 In	 this	 case,	 cell	
alignment	is	performed	realizing	cell	repellent	polyacrylamide	stripes,	harnessing	the	same	
scientific	principle	used	for	glass	patterning.	
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As	 the	 scientific	 research	 strives	 to	 render	 ever	 more	 efficient	 cellular	 reprogramming,	
reducing	 both	 time	 and	 costs	 associated	 and	 widening	 the	 possible	 application	 of	 this	
biological	breakthrough,	the	necessity	to	develop	new	technologies	to	take	full	advantage	of	




















Figure	 1.1.1	Graphic	 summary	 of	 the	 mechanical	 properties	 of	 the	 extracellular	 environment	 that	 elicit	 an	
adaptive	intracellular	response	(curtesy	of	Nakayama	et	al.	2014).	
	





the	 development	 and	maintenance	 of	 organs	 and	 tissues	 exposed	 to	 varying	mechanical	




along	 with	 all	 the	 necessary	 compounds	 dissolved	 in	 it,	 such	 as	 oxygen,	 nutrients	 and	
hormones	just	to	name	a	few.	







(figure	 1.2.1),	with	 the	 right	 side	 receiving	 deoxygenated	 blood	 from	 the	 body	 at	 low	
pressure	and	pumping	it	to	the	lungs	(pulmonary	circulation)	and	the	left	side	receiving	
oxygenated	 blood	 from	 the	 lungs	 and	 pumping	 it	 at	 high	 pressure	 around	 the	 body	
(systemic	circulation).	






epicardium.	 The	 endocardium	 is	 composed	 by	 endothelial	 cells,	 which	 also	 form	 the	










100µm	 long,	 as	 represented	 in	 figure	 1.2.2.	 The	 intercalated	 disks,	 highlighted	 in	 the	



















The	 blood	 vessels,	 except	 capillaries,	 are	 composed	 of	 three	 different	 layers:	 the	
innermost	 is	 the	 tunica	 intima,	 which	 is	 composed	 of	 endothelial	 cells	 and	 forms	 a	
continuum	with	the	heart	endocardium;	the	intermediate	level	is	called	tunica	media,	and	
is	 composed	of	 circularly	 arranged	 smooth	muscle	 cells	 and	elastin,	 it	 is	 generally	 the	
bulkiest	layer	of	the	vessel	and	it	maintains	blood	pressure	and	proper	circulation;	finally	









The	 relevance	 of	 these	 diseases	 is	 higher	 in	 the	 developed	 countries	 (for	 instance	 it	
accounts	for	42%	of	deaths	in	Europe),	mainly	because	of	the	advancing	age	and	the	minor	
mortality	 associated	with	 infectious	 diseases.	Moreover,	 thanks	 to	 progress	 in	 patient	
care,	the	mortality	rate	of	CVDs	has	been	reduced,	but	usually	at	the	cost	of	increasing	
morbidity	 and	 chronic	 pathological	 conditions,	 as	 an	 example,	 in	 the	USA	 alone,	 26.6	

















the	 major	 cause	 of	 drug	 attrition	 and	 withdrawal,	 and	 adverse	 cardiovascular	 safety	




deduce	 that	 mechanotransduction	 plays	 a	 pivotal	 role	 in	 this	 tissue	 development	 and	
maintenance	and	that	abnormalities	in	mechanical	signalling	might	lead	to	the	disruption	of	
normal	tissue	function	and	the	onset	of	diseases.	






Increased	 mechanical	 loads	 and	 the	 resulting	 morphological	 changes	 at	 the	 organ	






consists	 in	 the	 lengthening	 of	 cardiomyocytes	 through	 the	 addition,	 is	 series,	 of	
sarcomeres	and	at	the	tissue	level	the	outcome	is	thinning	of	the	ventricular	wall,	dilation	
of	the	chamber	and	elevated	stress	(Mc	Cain	and	Parker	2011,	Göktepe	et	al.	2010).	In	
both	 hypertrophic	 cardiomyopathies,	 the	 pathological	mechanical	 stimuli,	 respectively	









for	 long	period,	 the	heart	 is	no	 longer	able	 to	 supply	 the	necessary	blood	 flow	 to	 the	
organism	leading	to	organ	damage	and	in	the	most	severe	cases	to	death.	
Despite	 heart	 mechanical	 dysfunction	 is	 closely	 associated	 to	 sudden	 cardiac	 death	
caused	 by	 arrhythmias,	 a	 casual	 link	 between	 pathological	 mechanical	 forces	 and	
electrical	instability	hasn’t	been	fingered	out	yet	(Laurita	and	Rosenbaum	2008).	
The	 existence	 of	 a	Mechano-electric	 Feedback,	 through	 which	 electrical	 excitation	 of	
myocytes	 is	 converted	 in	 mechanical	 contraction	 that	 in	 turn	 affects	 the	 electrical	






Shear	 stress	 caused	 by	 the	 blood	 flow	 plays	 a	 major	 role	 in	 determining	 vascular	
endothelial	cells	function	and	phenotype	(Collins	and	Tzima	2011).	It	has	been	shown	that	
high,	 uniform	 shear	 stress	 has	 a	 atheroprotective	 role,	 reducing	 the	 expression	 of	
inflammatory	proteins	and	the	recruitment	of	leukocytes	at	the	vascular	wall,	whereas,	
low	 oscillatory	 shear	 stress	 has	 an	 opposite	 effect.	 As	 a	 result,	 atherosclerosis	





















Therefore,	 it	 would	 be	 interesting	 to	 study	 the	 effect	 of	 prolonged	 and	 abnormally	 high	
mechanical	strain	on	the	vasculature	and	identify	the	biochemical	mechanism	that	leads	to	




















As	 described	 before,	 there	 is	 an	 increasing	 awareness	 on	 the	 effect	 of	 the	 mechanical	
microenvironment	 on	 cellular	 behaviour	 and	 fate	 specification.	 To	 further	 improve	 the	
scientific	 knowledge	 in	 the	 role	 played	 by	 mechanical	 forces	 in	 organ	 development,	
physiology	and	pathogenesis,	and	discover	new	therapeutics	approaches	for	the	prevention	
and	cure	of	cardiovascular	diseases	an	improvement	in	biological	culturing	tools	is	required.	
These	 novel	 technologies	 will	 have	 to	 reproduce	 the	 in	 vivo	 mechanical	 environment,	 to	






stimulation	 of	 align	 cardiomyocytes,	 mimicking	 as	 faithfully	 as	 allowed	 by	 current	
technologies	the	in	vivo	settings.	







In	 the	 third	 chapter	 the	 development	 of	 devices	 to	 culture	 cells	 in	 mechanically	 active	


















cell	 junction	 and	 the	 electrophysiology	 of	 cardiomyocytes	 at	 rest,	 and	 for	 elastomeric	






the	 establishment	 of	 the	 optimized	 protocol.	 Finally,	 the	 overall	 outcome	 resulting	 from	













methods	 used	 in	 this	 case	 is	 Micro-Contact	 Printing,	 µCP,	 developed	 by	 George	 M.	
Whiteside‘s	group	at	Harvard	University	for	the	generation	of	Self	Assembled	Monolayers	of	
ink	on	a	surface	and	readapted	in	cell	biology	to	print	proteins	(Pearl	A.	et	al	2009).	In	this	
case	 a	 mold	 presenting	 the	 features	 of	 the	 desired	 pattern	 is	 realized	 in	 PDMS	 through	

















The	 effect	 of	 substrate	 stiffness	 on	 cell	morphology	 and	 transcriptional	 activity	 has	 been	
known	and	 investigated	 for	many	years	 following	 the	pioneering	 studies	of	Wang	and	co-





More	 recently	 Marklein	 and	 coworkers	 showed	 the	 effect	 of	 substrate	 stiffness	 on	 the	
proliferation	 of	 human	 Mesenchymal	 Stem	 Cells,	 hMSC,	 as	 shown	 in	 figure	 2.1.2.	
Methacrylated	hyaluronic	hydrogels	(MeHa)	were	obtained	via	chemical	crosslinking,	then,	
where	 higher	 stiffness	 was	 required,	 further	 crosslinking	 of	 the	 remaining	 unconsumed	
methacrylated	was	obtained	via	UV	exposure.	The	two	stiffness	obtained	in	this	way	showed	
remarkable	 differences	 in	 the	 growth	 rates	 of	 seeded	 hMSC,	 and	 it	 was	 reported	 that	
eventually	 the	 highly	 different	 proliferation	 rates	 can	 lead	 to	 the	 formation	 of	 a	 cellular	










(Tse	 and	 Engler	 2010)	 and	 also	 because	 a	 protocol	 for	 the	 fabrication	 of	 PA	 hydrogel	 of	
defined	 Young	 Modulus	 was	 already	 established	 in	 the	 laboratory	 (Aragona	 et	 al	 2013,	
Dupont	et	al	2011).	
Figure	 2.1.3	 graphically	 summarizes	 the	 working	 principle	 of	 the	 soft	 polyacrylamide	
patterning	technique	used	during	this	work.	
A	 layer	of	soft	hydrogel	 is	generated	on	the	 intended	cell	repulsive	areas	whereas	the	cell	
attractive	 areas	 are	 left	 empty	 (figure	 2.1.3a).	 After	 substrate	 coating	 with	 an	 adequate	
extracellular	matrix	protein	the	cells	are	seeded	(figure	2.1.3b).	Cells	that	are	on	the	hydrogel-
free	areas	are	able	to	attach	to	the	substrate,	spread	and	proliferate	while	the	cells	on	the	






















photo	 activated	 polymerization	 of	 acrylamide	 limited	 to	 the	 cells	 repulsive	 areas	 of	 the	
pattern	 (a.k.a	 photo-patterning),	 or	 chemical	 activation	 of	 acrylamide	 protecting	 the	 cells	
attractive	areas	through	photolithography.	In	this	work	both	methods	have	been	employed	






this	 method,	 allowing	 the	 direct	 formation	 of	 a	 patterned	 hydrogel,	 requires	 less	
manufacturing	steps	and	thus	is	faster.	
In	 this	 case	 the	 acrylamide	 hydrogel,	 responsible	 to	 hinder	 cell	 adhesion,	 is	 locally	
polymerized	 only	 in	 the	 cell	 repulsive	 areas	 of	 the	 pattern	 exposing	 the	 prepolymer	
solution	 to	 UV	 light	 through	 a	 photomask.	 The	 UV	 light	 is	 able	 to	 pass	 through	 the	
transparent	 spaces	 of	 the	 mask,	 that	 reproduce	 the	 cell	 repulsive	 geometry,	 and,	






In	order	 to	promote	acrylamide	adhesion,	 it	 is	necessary	 to	 functionalize	 the	glass	
surface.	 Firstly,	 the	 glass	 slides	 were	 thoroughly	 washed	 with	 a	 piranha	 solution	
composed	 of	 75%vol	 sulfuric	 acid	 (98%	 purity,	 Sigma-Aldrich)	 and	 25%vol	 hydrogen	










with	 a	 silanizing	 solution	 covering	 the	 whole	 activated	 surface.	 The	 solution	 was	
composed	of	950	µl	of	ethanol	 (98%	purity,	Carlo	Erba),	50	µl	of	glacial	acetic	acid	
(Sigma-Aldrich)	and	3µl	of	(3-aminopropyl)triethossi-silane	(Sigma-Aldrich).	The	glass	













approximately	 10-2mbar	 to	 strip	 away	 dissolved	 oxygen	 that	 may	 hinder	 the	
polymerization	reaction.		
Just	 before	use	 the	photo	 initiator	 solution	was	prepared	dissolving	 Irgacure	 2959	












polymerization	 of	 acrylamide	 (figure	 2.2.1),	 at	 the	 same	 time	 the	 radical	
polyacrylamide	chain	can	react	also	with	the	silane	groups	on	the	treated	glass	surface	
binding	the	hydrogel	to	the	glass.	



















was	 sterilized	with	 ethanol	 70%vol,	 laying	 the	 slides	 on	 a	 veil	 of	 ethanol	 for	 a	 few	
seconds	 and	 then	 posing	 them	 in	 a	 6-well	 multiwell.	 Using	 ethanol	 on	 the	
functionalized	 surface	 was	 avoided	 for	 two	 reason:	 firstly,	 the	 ethanol	 would	





























every	 glass	 slide	 and	 finally	 2ml	 of	 suspension	 was	 placed	 drop	 wise	 on	 every	
patterned	 glass	 slide.	 The	 seeded	 multiwells	 were	 then	 placed	 in	 the	 incubator,	
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carefully	 to	 avoid	 disrupting	 the	 drop	 and	 left	 still	 for	 24	 hours	 to	 allow	 cellular	
attachment.	Once	the	cells	were	attached	the	patterned	substrates	were	observed	





on	 the	 other	 hand	 the	 main	 problem	 experienced	 with	 this	 technique	 was	
reproducibility,	 meaning	 that	 even	 following	 the	 same	 procedure	 sometimes	 the	
pattern	was	achieved	and	others	not.	
To	solve	the	issue	of	consistency	in	the	results	the	patterning	protocol	was	extensively	




























total	 energy	 flux	 required,	 which	 was	 found	 to	 be	 630	"# $"%.	 In	 the	 following	
experiments	the	intensity	was	recorded	before	each	exposure	and	the	exposure	time	
was	adjusted	to	obtain	the	desired	energy	flux.	
Following	 this	 procedure,	 the	 consistency	 of	 the	 manufacturing	 protocol	 was	
increased,	although	some	variability	between	slides	still	remained.	
Since	 controlling	 the	 energy	 intensity	 at	 each	 exposure	 was	 time	 consuming,	 the	
results	 still	 showed	heterogeneity	and	 there	 is	no	way	 to	check	 the	success	of	 the	
pattern	prior	to	cell	seeding,	the	photo-activate	polyacrylamide	pattern	was	set	aside	





In	 this	 case	 the	acrylamide	polymerization	 is	a	bulk	process,	 so	 to	achieve	 the	desired	
pattern	 the	cells	attractive	areas	must	be	protected	before	creating	 the	hydrogel.	The	
areas	 that	 need	 to	be	 acrylamide-free	 are	 sheltered	by	 a	 layer	of	 positive	photoresist	
|	Chapter	two	 	 	24	
deposited	 through	 standard	 photolithography	 techniques.	 The	 production	 process	 is	
summarized	in	figure	2.2.3	
Figure	 2.2.3.	 Schematization	 of	 the	 photolithography-aided	 pattern:	 A	 drop	 of	 positive	 photoresist	 is	
deposided	on	 the	 functionalized	glass	 slide	 (a)	and	 spinned	 to	achieve	desired	 thickness	 (b),	 the	 resist	 is	
exposed	 to	 UV	 light	 through	 a	 photomask	 (c)	 and	 the	 exposed	 resist	 is	 degraded	 and	 removed	 during	
developing	 (d).	 The	 acrylamide	 and	 chemical	 activators	 solution	 is	 deposited	 on	 the	 glass	 (e)	 and	
polymerized,	finally	the	protective	layer	of	resist	is	removed	revealing	the	polyacrylamide	pattern(f).	
	



















becomes	 soluble	 in	 the	 photoresist	 developer,	 so,	 as	 in	 the	 photo-patterning,	 the	
photomask	has	to	cover	the	cell	attractive	areas.	
Since	 the	 resist	 is	photodegradable	 it	has	 to	be	shielded	 from	direct	 light	until	 the	














therefore	 the	 minimum	 height	 reliably	 reproducible	 was	 chosen	 to	 speed	 up	 the	
photolithography	process.	
The	 slides	 were	 then	 placed	 on	 a	 levelled	 hot	 plated	 heated	 to	 115°C	 for	 60s	 to	
promote	 the	photoresist	 crosslinking.	Afterwards	 the	 slides	were	placed	 in	 the	UV	
lamp	tray	(OAI	Lamp)	and	covered	with	the	photomask,	to	ensure	perfect	flatness	of	
the	mask	another	glass	 slide	was	placed	on	 top.	The	 resist	was	exposed	 for	30s	at	















solution	 described	 in	 §2.1.2	 and	 degassed	 for	 20	minutes	 to	 strip	 away	 dissolved	



















Also	 in	 this	 case	 the	 first	 trials	 were	 carried	 out	 using	 HFF	 cells.	 Using	 this	




















The	 main	 purpose	 of	 developing	 glass	 patterning	 techniques	 was	 to	 allow	
electrophysiology	 studies	 of	 aligned	 cardiomyocytes	 and	 to	 analyze	 in	 depth	 the	
physiology	 of	 organized	 cardiac	 junctions.	 To	 this	 end	 it	 is	 necessary	 to	 culture	
cardiomyocytes	on	the	patterned	substrates.	
2.3.1. Substrate	functionalization	
Contrary	 to	 fibroblast,	 cardiomyocytes	 require	 a	 suitable	 protein	 coating,	 usually	
laminin	 or	 matrigel,	 in	 order	 to	 adhere	 to	 any	 surface.	 Initially	 the	 coating	 was	
performed	using	laminin,	preferred	over	matrigel	since	its	composition	is	defined	but	
it	was	later	verified	that	both	protein	coatings	show	the	same	results.	






Cardiomyocytes	 seeded	 on	 the	 patterned	 surfaces	 were	 derived	 from	 pluripotent	










25	 minutes	 with	 a	 digestion	 mix	 made	 of	 2mg/ml	 collagenase	 I	 (Thermofisher	
Scientific),	 1mg/ml	 collagenase	 IV	 (Thermofisher	 Scientific),	 2	 U/ml	 Dnase	 I	
(Thermofisher	Scientific)	and	10µM	ROCK	inhibitor	in	PBS+/+	(Gibco).	






of	 the	 supernatant	 from	 the	 cell	 pellet	 and	 finally	 cells	 are	 suspended	 in	 RPMI	










After	 several	 modifications	 of	 the	 manufacturing	 protocol	 it	 was	 discovered	 that	




Figure	 2.2.5	 The	 addition	 of	 bis-acrylamide	 in	 the	 prepolymer	 solution	 allows	 the	 formation	 of	 a	
crosslinked	gel	binding	different	polyacrylamide	chains	together.	
	
As	 shown	 in	 figure	2.2.5,	 the	 addition	of	 bis-acrylamide	 causes	 the	 formation	of	 a	
crosslinked	 hydrogel,	 the	 ratio	 between	 linear	 and	 bis-acrylamide	 determines	 the	















Techniques	 to	 realize	 a	 geometrical	 pattern	 on	 elastomeric	 substrates	 have	 been	
implemented	to	be	coupled	with	the	stretching	technologies	developed	during	this	work,	and	
described	 in	 the	 following	 chapter,	 in	order	 to	perform	mechanical	 stimulation	of	 aligned	
cells,	explicitly	stressing	the	cellular	junctions.	
PDMS	 has	 been	 selected	 as	 the	 elastomeric	material	 since	 it	 is	 widely	 use	 in	 biologically	
experiments,	its	mechanical	properties	are	defined	and	was	already	used	and	known	in	the	
laboratory.	














additional	 channels	 of	 PDMS	 change	 the	 substrate	 mechanical	 properties,	 requiring	
additional	 force	 to	obtain	a	given	deformation.	This	doesn’t	 affect	 the	 function	of	 the	
mesofluidic	stretching	device	described	in	chapter	3	§2,	since	the	machine	providing	the	






































and	 afterwards	 about	 once	 every	 10	 times,	 the	 wafer	 is	 treated	 with	
hexamethyldisilazane	 (HDMS,	 Sigma-Aldrich)	 to	 promote	 the	 detachment	 of	 the	
PDMS	from	the	wafer.	To	this	end	a	few	microliters	of	HDMS	are	placed	with	the	mold	
in	a	low	pressure	environment,	about	101	mbar,	for	half	hour	to	allow	for	the	chemical	




































pieces	 of	 PDMS	 tend	 to	 stick	 also	 to	 the	 treated	 surface	 clotting	 the	 grooves,	 so	
periodically	 it	 is	 necessary	 to	 produce	 new	 ones	 to	 ensure	 a	 good	 pattern	
reproducibility.	
3.1.4. Surface	sterilization	and	functionalization	























































The	 necessity	 of	 developing	 a	 second	 technique	 to	 pattern	 elastomeric	 substrates	
arose	from	the	limited	applicability	of	the	physical	pattern	just	to	stretching	systems	
for	 which	 the	 force	 necessary	 to	 obtain	 a	 given	 deformation	 isn’t	 an	 issue.	 As	
mentioned	in	§3.1	the	chemical	PDMS	patterning	is	specifically	designed	to	be	coupled	
with	 the	microfluidic	 technology	 to	 culture	 cells	 in	 mechanically	 active	 conditions	
developed	during	this	work	and	described	in	the	following	chapter.	









In	 this	 work	 benzophenone	 was	 used	 as	 anchoring	 point,	 modifying	 the	 protocol	
reported	by	Simmons	and	coworkers	(Simmons	et	al.	2013).	
Benzophenone	can	be	inserted	inside	the	cured	PDMS	network	by	acetone	induced	





and	placed	 in	 the	 fridge	 at	 +4°C	 for	 60	minutes.	 The	benzophenone	 insertion	was	












is	 not	 chemically	 bind	 to	 the	 PDMS,	 this	 creates	 an	 interpenetrating	 network	 of	
polymers.	
Since	 the	 benzophenone	 is	 activated	 by	 UV	 radiation,	 and	 consequently	 can	 be	




studies,	 it	 was	 the	 first	 method	 employed	 also	 for	 the	 chemical	 patterning	 of	
elastomeric	substrates.	



































The	 acrylamide	 solution	 for	 the	 photo-chemically	 activated	 polymerization	 was	
prepared	as	in	the	case	of	glass	patterning	(§2.1.2)	with	the	addition	of	0.12%	of	bis-
acrylamide.	For	the	UV	exposure	the	same	“sandwich”	configuration	as	before	was	































The	 chemical	 patterning	 technique	 for	 elastomeric	 substrates	 has	 been	 developed	






All	 the	manufacturing	 steps	 are	 the	 same	as	 described	previously	 (2.3.3),	 the	only	
difference	lays	in	the	sandwich	configuration	for	UV	exposure,	that	had	to	be	slightly	









In	 figure	 2.3.8	 a	 linear	 pattern	 obtained	 on	 the	 PDMS	 surface	 of	 a	 microfluidic	
stretching	 device	 is	 reported.	 In	 the	 center	 of	 the	 picture	 it	 is	 possible	 to	 see	 the	






developed	 and	 optimize	 especially	 with	 regard	 to	 their	 application	 in	 the	 study	 of	 the	
cardiovascular	system.	
|	Chapter	two	 	 	44	
For	 what	 concerns	 patterning	 glass	 surfaces,	 it	 was	 shown	 that	 chemically	 activated	
acrylamide	polymerization,	coupled	with	soft-lithography,	provides	the	best	results	in	terms	
of	pattern	resolution	and	reproducibility.	Furthermore,	it	was	discovered	that	the	addition	of	
a	 small	 percentage	 of	 bis-acrylamide,	 and	 therefore	 the	 formation	 of	 a	 crosslinked	 cell	
repulsive	hydrogel,	gives	better	results,	especially	when	protein	coatings	are	needed.	
Glass	patterning	will	allow	to	study	the	physiology	of	organized	cardiac	junctions	in	a	highly	
polarized	 cell	 culture,	 that	 reproduces	 with	 higher	 accuracy	 the	 in	 vivo	 environment.	
Moreover,	the	alignment	of	cardiomyocytes	will	allow	also	electrophysiology	studies	on	the	
propagation	of	the	electrical	signals	among	cardiac	cells,	analyzing	in	detail	the	intercellular	
electrophysiological	 coupling.	 Finally,	 this	 technology	 will	 allow	 to	 study	 the	 effect	 of	
morphology,	shape	and	polarization	in	specifying	cell	fate	and	behavior	(Mc	Cain	and	Parker	
2011).	
The	 development	 and	 optimization	 of	 patterning	 techniques	 for	 elastomeric	 substrates,	
specifically	PDMS,	was	divided	in	two	categories,	aimed	at	different	applications.	
Firstly,	 the	production	of	a	physical	pattern	was	optimized.	 In	 this	case	cell	morphology	 is	
influenced	 creating	 grooves	 and	 pillars	 on	 the	 culturing	 surface.	 This	 methodology	 is	
straightforward	 and	 easy	 to	 apply	 and	 implement,	 on	 the	other	 hand	 its	 integration	with	
stretching	technologies,	which	is	the	ultimate	goal	of	patterning	elastomers,	is	limited	to	the	



















During	 the	 thesis	 two	 different	 devices	 to	 cyclically	 stretch	 cultured	 cells,	 that	 addressed	
distinct	biological	assays,	were	developed	and	tested.	
In	this	chapter	the	mechanical	environment	of	the	heart	and	the	cardiovascular	system	will	
be	briefly	discussed,	 setting	 the	design	 requirements	 for	 the	stretching	systems.	Then	 the	
development	of	the	two	stretching	devices	will	be	described.	For	each	of	the	two	developed	
devices	 the	 design	 and	 the	 production	 steps	 will	 be	 described,	 then	 the	 experiments	
































For	what	concern	the	elongation	 imposed	to	the	cells	 the	values	reported	 in	the	scientific	


















protein	 expression	 analysis,	 of	 mechanically	 simulated	 cells	 cultures.	 All	 these	 biological	
techniques	required	a	high	number	of	cells	from	which	the	sample	for	analysis	are	obtained,	
thus	 the	 area	devolved	 to	 cell	 culture	needs	 to	be	quite	wide,	moreover	 since	 the	whole	
cellular	 extract	 is	 analyzed	 together,	 the	 mechanical	 strain	 should	 be	 homogenous	
throughout	the	surface.	












The	mesofluidic	 stretching	device	 is	 composed	by	 a	 1mm	 thick	 PDMS	membrane	 that	
serves	as	a	cells	culturing	substrate	and	an	external	holding	ring	also	made	in	PDMS.	The	































Once	 cured	 the	 membrane	 was	 extracted	 from	 the	 petri	 dish	 and	 cut	 to	 the	
appropriate	size,	from	each	petri	four	membranes	were	obtained.	
2.1.2. Holding	ring	fabrication	
The	 holding	 ring	 carries	 out	 two	 functions:	 it	 creates	 a	well-like	 culture	 system	 to	
facilitate	 cell	 culturing	 and	 it	 provides	 the	 coupling	 to	 the	mechanical	 stimulation	
apparatus.	
Also	in	this	case	Sylgard	184,	with	a	base	to	curing	agent	weight	ratio	of	10:1	was	used.	
To	 ease	 the	 production	 step	 of	 the	 holding	 ring	 and	 obtain	 always	 exact	 pieces	 a	












the	 top	part	 the	outer	 limit	of	 the	 ring	 is	 realized.	The	 two	pieces	of	 the	mold	are	














with	 the	 screw	holes	 in	 the	holding	 ring	 to	 allow	 the	passage	of	 the	 screws	when	
needed.	
At	 this	 point,	 if	 needed,	 it	 is	 possible	 to	 realize	 the	 linear	 pattern	 on	 the	 bottom	
membrane	as	previously	describe	(chapter	2,	§3.2).	
2.1.4. Device	preparation	for	the	experiments	
Once	 the	 cells	were	 seeded	 and	 ready	 to	 perform	 the	 experiment	 the	 device	was	
prepared	accordingly.	
Firstly,	as	stated	before,	a	second	slab	of	1mm	thick	PDMS,	sterilized	with	ethanol	at	




contamination.	 Since	 the	 cover	 is	 intended	 to	 be	 temporary,	 it	 wasn’t	 bind	 with	
plasma	activation,	but	it	was	held	in	place	by	the	metal	bars	that	were	then	screwed	
on	 the	 device	 to	 allow	 its	 insertion	 in	 the	 ElectroForce®	 planar	 biaxial	 TestBench	
pincers.	
2.1.5. Characterization	of	the	device	deformation	


















Overall	 the	 strain	 applied	 to	 the	 cells	 seems	 to	 be	 sufficiently	 homogeneous	 to	















and	 poured	 on	 the	 device	 culturing	 area.	 The	 solution	 was	 then	 left	 evaporating	
overnight	 and	 as	 a	 result	 the	 protein	 is	 left	 deposited	 on	 the	 PDMS	 surface.	 The	
devices	are	then	quickly	rinsed	with	PBS	1x	to	remove	salt	crystal	and	are	the	ready	to	
use.	












A	 picture	 of	 the	 environmental	 control	 system	 as	 used	 during	 the	 experiments	 is	
reported	in	figure	3.2.4,	completed	with	labels	to	pinpoint	the	various	components	of	
the	system.	





for	 the	 cells	 during	 the	 experiment.	 To	 this	 end	 two	 sets	 of	 temperature	 control	
system	 were	 realized.	 The	 first	 one	 is	 a	 heavy-duty	 temperature	 control	 loop,	
entrusted	with	the	rapid	increase	of	temperature	at	the	beginning	of	the	experiments	
and	with	maintaining	 a	 stable	 core	 temperature	 in	 the	 environment	 of	 36°C.	 It	 is	





















distilled	 water.	 The	 temperature	 inside	 the	 chamber	 favored	 water	 evaporation	
providing	a	moisturized	environment.	
2.2. Experiment:	differentiating	human	myoblast	
















Human	 primary	myoblast	 cells	 CHQ5B	were	 seeded	 in	 laminin-treated	mesofluidic	
devices	 and	 cultured	 in	 Dulbecco’s	 Modified	 Eagle’s	 Medium	 (DMEM,	 Gibco)	













































of	 the	 differentiation.	However,	 it	 is	 interesting	 to	 note	 that	 the	 difference	 in	 the	






an	 indicator	 that	 a	biological	 adaptation	 to	mechanical	 stress	 is	 underway,	 to	 gain	
further	 insight	 on	 the	 biological	 functions	 affected	 by	 this	 changes,	 a	 search	 for	
enriched	GO	terms	and	a	pathways	analysis	using	KEGG	database	were	performed.	
	In	 the	 short	 term	 response	 to	mechanical	 strain,	 3	 hours	 after	 the	 stimulation	 is	
imposed,	 mainly	 genes	 involved	 in	 the	 immunogenic	 response	 are	 triggered,	 as	
indicated	by	the	up	regulation	of	genes	related	to	immune	and	wound	response,	cell	





2.3.6a,	 shows	 an	 increase	 in	 intracellular	 signaling	 (cytokine-cytokine	 receptor	
interaction)	 and	 the	activation	of	 intercellular	 signaling	pathways	 such	us	 TNF	and	
chemokine	signaling	pathways.	













mechanically	 stimulated	 cells	 is	mostly	a	 transient	 inflammatory	and	 immunogenic	
response,	as	mechanical	strain	is	immediately	perceived	by	cells	as	an	injury.	At	the	
same	 time	 the	muscle	 growth	 process	 appears	 to	 be	 enhanced	 through	 the	 early	







The	microfluidic	 stretching	 devices	 has	 been	 developed	 to	 perform	 prolonged	 stretching	
experiments	of	cultured	cells	since	it	can	work	inside	an	incubator.	On	the	other	hand,	the	






















thin	 PDMS	 membrane	 in	 which	 a	 system	 of	 inflatable	 areas	 is	 impressed	 via	 soft-















































The	 wafer	 was	 cleaned	 with	 methanol	 and	 ethanol	 to	 remove	 any	 surface	
contamination	and	finally	rinsed	with	MilliQ	water	and	dried	on	a	hotplate	set	a	115°C.	
The	 wafer	 was	 then	 centered	 in	 the	 spin	 coater	 (Laurell)	 and	 negative	 SU8-2050	
photoresist	(Microchem)	was	poured	on	the	center	until	about	one	third	of	the	surface	
























was	 rinsed	 with	 isopropanol	 which	 blocks	 the	 dissolving	 action	 of	
methossimethacrilate	and	moreover	reacts	with	the	uncured	resist	forming	a	milky	
residue	and	indicating	when	all	the	uncured	resist	is	removed.	In	the	presence	of	milky	























































The	 microfluidic	 device	 was	 completed	 attaching	 the	 glass	 slide	 through	 plasma	

























cells.	 The	 functionalization	 was	 performed	 with	 Matrigel	 (Corning),	 a	 gelatinous	
protein	mix	 derived	 from	 secretion	 of	mouse	 sarcoma	 cells,	 briefly	 500µl	 of	 2.5%	
Reduced	Factor	Matrigel	diluted	in	Ham	F12	Nutrient	Mixture	(Gibco)	was	poured	on	
the	device	surface	 in	order	to	cover	 it	completely	and	 left	 incubating	 for	at	 least	1	
hour,	prior	to	cell	seeding	the	excess	solution	was	discarded.	
3.1.6. Experimental	set	up	and	calibration	
In	 order	 to	 enforce	 cyclic	 stretching,	 the	microfluidic	 stretching	 device	 has	 to	 be	
connected	to	sources	of	different	pressure.	As	schematized	in	figure	3.3.6,	the	high	
pressure	 reservoir	 consisted	 in	 an	 air	 compressor	 (Porter-Cable),	 equipped	with	 a	
1.5L	tank.	The	pressure	in	the	tank	was	kept	between	10bar	and	8bar	and	the	outlet	
was	 regulated	 by	 a	 coarse	 embedded	pressure	 regulator,	 set	 at	 about	 1	 bar.	 The	
pressurized	 air	 then	 flowed	 through	 a	 sterilizing	 filter	 of	 22µm	 diameter	 pores	












Figure	 3.3.6	Schematization	 of	 the	 experimental	 set	 up	 for	 the	microfluidic	 stretching	 devices.	 The	























up	 to	 1	 bar	 so	 it	 shouldn’t	 be	 used	 for	 higher	 values.	 Anyways	 at	 1	 bar	 the	
corresponding	 deformation	 is	 30%,	 a	 value	 sufficiently	 high	 to	 replicate	 both	
physiological	and	pathological	strain	conditions	found	in	vivo.	
3.2. Experiment:	differentiating	Vascular	Smooth	Muscle	Cells	
The	microfluidic	 stretching	device	was	used	 to	 study	 the	 role	of	mechanotransduction	





mechanical	 stress	 during	 the	 differentiation	 of	 stem	 cells	 into	 vascular	 smooth.	 Since	












These	experiments	were	performed	using	 four	different	 cellular	models.	 Firstly,	 to	
establish	the	wild-type	response	of	differentiating	vascular	smooth	muscle	cells,	H9	
cells,	a	commercially	available	line	of	human	Embryonic	Stem	Cells	(hESCs),	were	used.	
To	 analyze	 the	 effect	 of	 a	 senescent	 environment	 in	 the	 biological	 response	 to	






novo	mutation	 in	 the	 LMNA	 gene	 which	 encodes	 proteins	 called	 lamin	 A	 and	 C,	
involved	in	the	nuclear	intermediate	filament.	The	mutation	causes	the	transcription	
of	a	 truncated	 form	of	prelamin	A	 that	 cannot	be	correctly	processed	 into	mature	
lamin	 A	 and	 thus	 result	 in	 the	 accumulation	 of	 a	 farnesylated	 intermediate	 called	
progerin	(Verstraeten	et	al.	 	2008)	that	 in	turn	leads	to	abnormal	nuclear	shape	ad	
compromised	nuclear	integrity	(Dhal	et	al	2006,	Scaffidi	and	Misteli	2005).	
Patients	 affected	 by	 Hutchison-Gilford	 Progeria	 Syndrome	 commonly	 die	 in	 their	
teens	 (Pollex	 et	 al.	 2004)	most	 frequently	 (>90%)	 due	 to	myocardial	 infarction	 or	
stroke	resulting	from	progressive	arteriosclerotic	disease	(Verstraeten	et	al.		2008).	











2015,	 Cheung	 et	 al.	 2015).	 Accelerated	 aging	 due	 to	 malfunctioning	 of	 WRN	 is	
















the	 stretching	 experiments,	 the	 cells	 were	 pre-differentiated	 into	 angioblast-like	
progenitors	with	the	potential	to	further	differentiate	into	vascular	lineages	(Kurian	et	
al.	2013).	
For	 what	 concerns	maintenance	 and	 expansion	 of	 stem	 cells	 the	 well	 established	
technique	for	feeder-free	culture	was	used	(Amit	et	al.	2004).	
Briefly,	 the	 stem	 cells	 were	 cultured	 in	 standard	 6-well	 multiwells	 (BD),	 prior	 to	










stem	 cells	 colonies	 were	 visually	 inspected	 and	 all	 areas	 of	 spontaneous	




Technologies),	 a	 protease	 suitable	 for	 gentle	 dissociation	 preferred	 over	 other	
proteases	 such	as	 trypsin	 since	 it	detaches	 the	 stem	cell	 colonies	 from	 the	culture	
plastic	but	doesn’t	disaggregate	them.	The	cells	were	incubated	at	37°C	with	Dispase	
for	 5-7	 minutes	 or	 until	 the	 stem	 cell	 colonies	 edges	 began	 to	 curl	 up,	 then	 the	





As	 stated	 before,	 the	 stem	 cells	 were	 differentiated	 in	 angioblast-like	 vascular	





every	other	day.	 In	 the	published	paper	 it	 is	 reported	 that	8	days	are	 sufficient	 to	












centrifuged	 at	 1400	 rpm	 for	 5	 minutes	 to	 separate	 the	 cell	 pellet	 from	 the	
supernatant.	The	cells	were	then	suspended	in	an	exact	volume	of	MIM	and	seeded	






also	 in	 6-well	multiwells	 as	 an	 internal	 reference	 to	 compare	 the	 results	 obtained	






pneumatic	 system	 and	 the	 mechanical	 stimulation	 was	 started	 on	 the	 9	 actively	
solicited	devices.	
The	mechanical	strain	was	set	to	be	10%	elongation,	corresponding	to	a	deformation	
pressure	 of	 0.3bar,	 at	 1HZ	 to	 mimic	 in	 vivo	 conditions	 (Chen	 et	 al.	 2003).	 The	













cells	 differentiated	 into	 vascular	 smooth	 muscle,	 to	 determine	 if	 a	 cell	 was	
differentiated	 an	 immunofluorescence	 staining	 against	 calponin	 was	 performed.	
Calponin	 is	 a	 troponin	 T-like	 protein	 that	 binds	 to	 actin	 filaments	 expressed	 by	
contractile	 smooth	 muscle	 cells,	 hence	 it	 is	 widely	 accepted	 as	 a	 marker	 of	
differentiated	smooth	muscle	cells	(El-Mezgueldi	1996).	







1%	of	 heat	 inactivated	Horse	 Serum	 (StemCell	 Technologies),	 a	 solution	 known	 as	
blocking	solution.	After	completing	the	blocking,	the	sample	are	washed	with	PBS	1x	
and	ready	for	the	immunofluorescence	staining.	





















The	 secondary	 incubation	was	 carried	 out	 at	 room	 temperature	 for	 one	 hour	 and	
afterwards	the	samples	were	washed	thrice	with	PBS	1x	and	finally	stored	at	4°C	in	































perpendicularly	 to	 the	main	axis	of	 stimulation	as	expected.	 It	was	noted	however	
that,	 if	 the	 initial	 seeding	 density	 was	 to	 high,	 cells	 failed	 to	 show	 a	 preferential	
alignment,	probably	because	the	high	density	hindered	cells	motility	(figure	3.3.9c).	














































increases	 the	 rate	of	differentiation	 in	 the	 cells	 able	 to	 sense	and	 response	 to	 the	
external	cue,	but	doesn’t	affect	the	final	percentage	of	differentiation,	which	for	all	









The	 same	 analysis	was	 performed	 comparing	 the	 behavior	 of	 cells	 cultured	 in	 the	
stretched	devices,	but	not	in	the	actively	stretched	areas,	with	that	of	the	cells	in	the	
static	 controls,	 as	 shown	 in	 figure	 3.3.12.	 It	 is	 interesting	 to	 note	 that	 the	 trend	
observed	 in	 figure	3.3.10	 still	 applies,	 though	 in	 this	 case	 the	differences	between	





This	 result	 suggests	 that	 the	behavior	of	 cells	 seeded	 in	 the	non-actively	 stretched	


















coupled	with	 the	appropriate	differentiation	medium,	 increases	greatly	 the	 rate	of	
differentiation	 but	 doesn’t	 affect	 the	 percentage	 of	 differentiated	 cells	 upon	
completion	of	the	differentiation	protocol.	Probably	the	mechanical	stimuli	activate	a	
signaling	 cascade	 in	 the	 cells	 which	 in	 turn	 drives	 differentiation,	 it	 is	 not	 clear	




signaling	 pathway	 is	 activated,	 leading,	 among	 other	 things,	 to	 an	 increased	
intercellular	cross-talk	and	the	establishment	of	a	pro-differentiation	niche.	
Interestingly,	 similar	 findings	 were	 obtained	 also	 analyzing	 the	 transcriptome	 of	
differentiating	smooth	muscle	cells	as	reported	in	§	1.2.2,	availing	the	hypothesis	of	a	
response	 mechanism	 to	 mechanical	 strain	 common	 at	 least	 to	 all	 muscular	
phenotypes.	
It	 could	be	 interesting	 to	 investigate	 if	 external	mechanical	 cues	 alone	 are	 able	 to	
trigger	the	differentiation	of	progenitor	cells	into	mature	muscle	phenotypes,	and	if	




response	 to	 mechanical	 cues,	 but	 on	 the	 longer	 term	 the	 effect	 appears	 to	 be	
catastrophic	 leading	 to	 generalized	 cellular	 death,	 as	 demonstrated	 by	 the	 lack	 of	
adherent	 cells	 by	 day	 twelve	 of	 mechanical	 stimulation	 compared	 to	 the	 normal	
physiology	 of	 the	 cells	 cultured	 in	 static	 conditions.	 In	 the	 case	 of	 HGPS	 cells	 the	
response	to	mechanical	stretch	completely	lacks,	as	the	stimulated	cells	differentiate	
at	the	same	rate	of	their	static	counterparts.	This	behavior	is	justified	considering	the	







Despite	 the	 models	 of	 accelerated	 aging	 used	 in	 this	 studies	 aren’t	 precise	
reproduction	 of	 the	 complexity	 of	 physiological	 human	 aging,	 the	 fact	 that	 both	
senescent	 models,	 though	 caused	 by	 very	 different	 biochemical	 dysregulations,	
present	the	inability	to	correctly	react	to	mechanical	stress	suggest	that	the	increased	










biological	 analysis	 that	 require	 a	 high	 amount	 of	 starting	material,	 such	 as	 RNA,	 DNA	 or	
protein	 expression	 analysis	 and	 transcriptome,	 proteome	 or	 sequencing	 analysis.	 These	
assays	are	widely	used	in	biological	experiments:	the	former	to	study	specific	genes	activity,	
as	they	can	give	also	quantitative	results	on	the	relative	abundance	of	proteins	or	RNA	and	
DNA	strands,	 that	 imagining	analysis	 isn’t	able	 to	provide;	while	 the	 latter	are	particularly	
useful	as	they	give	an	initial	broad	picture	of	the	biochemical	changes	elicited	by	mechanical	
stimulation,	 allowing	 to	 pinpoint	 the	 pathways	 involved	 in	 the	 mechanotransduction	
response.	






the	 device	 and	 more	 importantly,	 demonstrated	 that	 even	 a	 short	 term	 exposure	 to	
mechanical	cues	is	able	to	trigger	a	long	lasting	and	articulated	biological	response.	
The	 second	 device	 developed	 was	 aimed	 at	 allowing	 long	 term	 stimulation	 of	 biological	
cultures,	 so	 it	 was	 devised	 to	 fit	 in	 a	 standard	 incubator	 throughout	 the	 mechanical	
stimulation.	 In	 this	 case	 the	 reduced	 culturing	 surface	 and	 uneven	 mechanical	 strain	
distribution	 suggest	 the	 use	 of	 imaging-based	 biological	 assays	 to	 evaluate	 the	






the	 assays	 for	 which	 they	 were	 designed.	 The	 versatility	 showed	 by	 the	 technologies	
established,	as	demonstrated	by	the	experiments	performed	during	this	work,	opens	the	way	
























and	 alignment,	 and	 on	 the	 realization	 of	 stretchable	 culturing	 devices,	 to	 stimulate	 the	
cultured	cells	with	physiological	or	pathological	levels	of	mechanical	strain.	
Firstly,	 patterning	 techniques	 for	 rigid	 substrates	 creating	 cell	 repulsive	 areas	 of	
polyacrylamide	 hydrogels	 were	 developed	 and	 optimized.	 Glass	 was	 the	 choice	 of	 rigid	
substrate	 since	 it	 is	optically	 transparent	and	 its	biocompatibility	has	been	already	widely	






supposedly	 cell	 adhesive	 areas	 through	 soft-lithography	 gave	 the	 best	 results	 in	 term	 of	
pattern	resolution	and	reproducibility.	It	is	now	possible	to	take	advantage	of	this	optimized	
glass	pattering	technique	to	thoroughly	study	the	effect	of	geometrical	constrains	on	cellular	






been	 linked	 to	 arrhythmogenic	 right	 ventricular	 dysplasia/cardiomyopathy,	 could	 then	 be	
compared	to	gather	more	insight	on	the	relationship	between	electrical	and	mechanical	signal	












for	 this	 reason	 the	 stretching	 devices	 was	 named	 mesofluidic	 stretching	 devices,	 as	 it	
characteristic	dimensions	are	bigger	 than	those	of	standard	microfluidic	 technologies.	The	





which	 channels	 and	 grooves	 of	 specific	 width	 are	 realized	 on	 the	 surface	 and	 direct	 cell	
topology	 thanks	 to	 the	 physical	 constraint	 due	 to	 the	 different	 height	 of	 the	 layers.	 The	
mechanical	stimulation	is	computer	controlled	and	is	applied	through	ElectroForce®	planar	
biaxial	TestBench	 inserting	 the	device	 in	 the	machine	pincers.	The	 force	generated	by	 the	
machine	is	much	greater	than	that	needed	to	deform	the	PDMS	device	and	this	allows	the	
use	of	the	physical	patterning	technique.	
The	 downside	 of	 the	 mesofluidic	 stretching	 device	 is	 that	 its	 size	 and	 mechanism	 of	
stimulation	 prevents	 the	 possibility	 of	 performing	 the	 stretching	 experiment	 inside	 an	
incubator.	This	inconvenience	has	been	limited	realizing	an	environmental	control	chamber	
around	the	stretching	apparatus,	but	anyways	only	short	term	stimulation	can	be	performed.	
The	 device	 was	 tested	 studying	 the	 effect	 of	mechanical	 strain	 on	 differentiating	 human	
myoblasts.	This	experiments	proved	that	the	device	is	fully	biocompatible	and	that	short	a	
term	stimulation	(30	minutes)	in	able	to	trigger	a	long	term	biological	adaptive	response	(>	
48	 hours).	 Specifically,	 it	 was	 noted	 that,	 after	 a	 immediate	 inflammatory	 response,	 the	
stimulated	myoblast	presented	a	transcriptional	profile	similar	to	that	of	control	cells	in	later	
stages	 of	 differentiation,	 suggesting	 that	mechanical	 strain	 hastens	 the	 differentiation	 of	
myoblast	 into	 mature	 myofibers.	 Currently,	 we	 are	 preforming	 an	 experiment	 with	
cardiomyocytes	 seeded	 at	 high	 density	 and	 stretched	 either	 alongside	 their	main	 axis	 or	
transversally,	 to	evaluate	 the	effect	of	mechanical	 stimulation	of	 cellular	 junctions	on	 the	












The	 pattering	 technique	 developed	 to	 be	 integrated	 in	 this	 device	 is	 the	 chemical	 PDMS	
patterning,	relying	on	the	same	principle	of	generating	polyacrylamide	cell	 repulsive	areas	
perfected	for	the	glass	patterning.		








model	 of	 premature	 aging,	 namely	 Hutchinson-Gilford	 Progeria	 Syndrome	 and	 Werner	
Syndrome,	 have	 shown	 no	 or	 very	 mitigated	 biological	 response	 to	 mechanical	 strain,	
indicating	that	in	the	senescent	niche	mechanotransduction	is	somewhat	impaired.	
Further	 experiments	 on	 differentiating	 vascular	 progenitors	 need	 to	 be	 performed	 to	
elucidate	the	biological	mechanism	responsible	for	the	impaired	mechanosensitive	response	
of	 the	 premature	 aging	models,	 hopefully	 unravelling	 the	 causal	 link	 between	 aging	 and	
increased	cardiovascular	risk.	
Moreover,	 the	microfluidic	 stretching	 device	 coupled	with	 the	 chemical	 PDMS	 patterning	
technique	 will	 be	 used	 to	 study	 the	 electromechanical	 coupling	 of	 cardiomyocytes,	 and	
specifically	 to	 investigate	 the	 relationship	 between	 the	 electrical	 signal	 conduction	 along	








Given	 the	 ability	 of	 the	 microfluidic	 stretching	 device	 to	 perform	 long	 term	 stretching	
experiments,	it	could	also	be	employed	to	simulate	the	strain	on	the	cardiovascular	system	
elicited	by	highly	intensive	physical	activity,	such	as	agonistic	motorcycles	driving,	and	analyze	
the	biological	 response	at	 the	 cellular	 level	 during	physical	 effort	 and	also	 study	how	 the	
biological	system	returns	to	normal	physiology	during	the	rest	period.	
Overall,	this	work	will	allow	the	study	of	the	mechanosensitive	response	of	the	cardiovascular	
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